Our perception of the vitamin D system continues to evolve. Recent studies have re-evaluated the parameters for adequate vitamin D status in humans, revealing a high prevalence of insufficiency in many populations throughout the world. Other reports have highlighted the potential consequences of vitamin D insufficiency beyond established effects on bone homeostasis. Most notably, there is now strong evidence of a role for vitamin D in modulating innate and adaptive immunities, with insufficiency being linked to infectious disease and other immune disorders. To date, signaling pathways for these new responses to vitamin D have been based on established endocrine models for active 1,25-dihydroxyvitamin D, despite present evidence for more localized, intracrine modes of action. In the following review, we provide a fresh perspective on vitamin D signaling in nonclassical target cells such as macrophages by highlighting novel factors associated with the transport and action of this pluripotent secosteroid.
Introduction
At the end of 2007, Time magazine listed the 'Benefits of Vitamin D' as one of its top ten 'medical breakthroughs' of the year. The reason for this they stated has been the recent remarkable increase in studies documenting new actions for vitamin D and the potential significance this may have for human health (http://www.time.com/time/specials/2007/ top10/). A simple investigation using PubMed shows that since March 2003, there have been w9500 entries for the keyword 'vitamin D', whereas 'thyroid hormone' generated almost 6800 entries over the same period of time. This contrasts with the preceding 5 years (1998) (1999) (2000) (2001) (2002) (2003) where 'vitamin D' and 'thyroid hormone' were more or less equal at w6300 entries each.
Two key concepts have fuelled the vitamin D renaissance. The first of these has been the complete change in our understanding of what constitutes normal vitamin D status. For many years, vitamin D deficiency in humans was defined by the serum concentration of 25-hydroxyvitamin D (25OHD, the main circulating form of vitamin D) associated with rickets (!8 ng/ml or 20 nM). However, in 1997 Chapuy et al. (1997) took a different approach by assessing the relationship between serum 25OHD and serum parathyroid hormone. They described an inverse correlation between these two factors at concentrations of 25OHD up to 78 nM. This indicated that optimal vitamin D status was much higher than originally thought and prompted the introduction of a new term, 'vitamin D insufficiency', to describe individuals with serum 25OHD concentrations that are higher than 'deficient' (i.e. adequate to prevent rickets) but lower than optimal (Holick 2008) . Although there is still a continuing discussion concerning the precise levels of 25OHD, which define these different categories of vitamin D status, there is broad agreement that vitamin D insufficiency is prevalent in populations across the globe (Holick 2007) . This is particularly true for individuals with dark skin pigmentation or those living in Northern latitudes, where the capacity for u.v. light-induced epidermal synthesis of vitamin D is impaired.
The second seminal development in vitamin D research arose from the studies by Robert Modlin et al. aimed at defining the key genes involved in mediating innate immune responses to Mycobacterium tuberculosis (Liu et al. 2006) . The DNA array analysis of macrophages activated with an M tuberculosis lipoprotein highlighted the induction of mRNA for both the vitamin D receptor (VDR) and 25-hydroxyvitamin D-1a-hydroxylase (CYP27b1), the enzyme that catalyzes the synthesis of active 1,25-dihydroxyvitamin D (1,25(OH) 2 D) from 25OHD (Liu et al. 2006) . As a consequence, the resulting macrophages demonstrated strong intracrine responses to 25OHD, most notably the induction of the antibacterial peptide cathelicidin (Liu et al. 2006) . Subsequent studies have confirmed that this is a pivotal step in the innate immune response to infection by pathogens such as M tuberculosis (Liu et al. 2007b , Martineau et al. 2007 . Crucially, ex vivo experiments showed that the induction of macrophage cathelicidin is significantly compromised when using serum from 25OHD-insufficient donors (Liu et al. 2006) , indicating that similar responses in vivo may also be dependent on vitamin D status.
The induction of macrophage function by locally synthesized 1,25(OH) 2 D has highlighted a link between vitamin D insufficiency and tuberculosis, as well as a potential role for vitamin D supplementation in preventing and/or treating this disease (Liu et al. 2007a) . However, in view of the pluripotent nature of 1,25(OH) 2 D as an inducer of non-classical responses (Holick 2006 , 2007 , Norman 2006 , Spina et al. 2006 ) and the widespread expression of CYP27b1 in cells other than macrophages (Townsend et al. 2005 , it is likely that vitamin D insufficiency will have broad-ranging biological effects that extend beyond innate immunity. Thus, present work within the vitamin D field has expanded the analysis of the effects of vitamin D status on disease epidemiology and clinical outcomes (Holick 2007) , while other studies have investigated novel targets for locally synthesized 1,25(OH) 2 D or potential therapeutic uses for vitamin D metabolites .
Significantly, this new perspective on vitamin D physiology has also prompted a re-evaluation of the cellular and molecular mechanisms associated with this secosteroid. In particular, the broader acceptance of localized tissue-specific metabolism as a key component of non-classical vitamin D physiology suggests that established models for vitamin D signal transduction based on endocrine mechanisms are incomplete. For example, although there has been a remarkable increase in our understanding of how liganded VDR interacts with accessory proteins to facilitate chromatin remodeling and the recruitment of transcriptional machinery (Kato et al. 2004 , Fujiki et al. 2005 , Jurutka et al. 2007 , Yamaoka et al. 2007 , much less is known concerning the pathways that lead up to these nuclear events. In the following review, we have addressed this by providing a new perspective on vitamin D signal transduction, which goes beyond the already well-documented actions of CYP27b1 and VDR. The proposed model (see Fig. 1 ) has been designed specifically to illustrate novel factors that may be integrated to facilitate key intracrine effects of vitamin D, in particular the induction of antibacterial innate immune responses. Reflecting its title, the review also aims to illustrate the importance of comparative and evolutionary biology as a tool for better understanding the way in which vitamin D works. Specifically, the review focuses on how the analysis of the changes in vitamin D function, which have accompanied alterations in environmental exposure to u.v. light, has helped to identify new biological targets and modes of action for vitamin D. (Bikle et al. 1985 (Bikle et al. , 1986 . The vast majority of vitamin D ligands are bound to DBP but, because of its relative abundance (650 mM compared with 5 mM for DBP), some vitamin D metabolites are also carried by albumin. Additionally, the vast majority of vitamin D carrier proteins are empty because of their comparatively high levels in relation to typical circulating levels of vitamin D metabolites (in humans 25OHDZ50 nM and 1,25(OH) 2 DZ0 . 1 nM).
Despite the fact that almost all the available ligands are likely to be bound to DBP, it has generally been assumed that the relatively small free fraction of vitamin D metabolites is the fraction that enters target cells (White & Cooke 2000 , Speeckaert et al. 2006 . However, in some circumstances, binding to DBP may be a more active feature of vitamin D physiology. Nykjaer et al. (1999) showed that in the proximal tubules of the kidney megalin, a cell surface receptor binds and internalizes DBP via an endocytic pathway. Mice with the ablation of the megalin gene are unable to recover DBP in this fashion and thus lose vitamin D via the urine, with resulting rachitic bone disease (Nykjaer et al. 1999) . Subsequent studies have further refined this mechanism to include cubilin (Nykjaer et al. 2001 ) and disabled-2 (Nagai et al. 2005) as facilitators of megalin action in the kidney.
Unlike the endocrine synthesis of 1,25(OH) 2 D in the kidney, autocrine responses to vitamin D appear to be highly dependent on the availability of substrate 25OHD. Thus, a key question concerns whether target cell delivery of 25OHD occurs as a consequence of receptor-mediated membrane transfer as is the case in the kidney or whether it simply involves passive transfer of the free metabolite. Two recent studies have supported both models. In the first of these, megalin-mediated uptake of DBP was described in T47D breast cancer cells (Rowling et al. 2006) . Further studies confirmed that this mechanism was able to facilitate the uptake of 25OHD by these cells and subsequent intracrine activation to 1,25(OH) 2 D (Rowling et al. 2006) . Although the general applicability of this mechanism for cell-specific acquisition of vitamin D metabolites has yet to be fully defined, it is interesting to note that the expression of megalin and cubilin has also been linked to intracrine synthesis of 1,25(OH) 2 D by bone-forming osteoblastic cells (van Driel et al. 2006 , Atkins et al. 2007 ).
Normal vitamin D responses in DBP knockout (KO) mice
The second important re-evaluation of DBP function stems from the analysis of the in vivo effects of 1,25(OH) 2 D following DBP gene ablation in mice. DBP KO mice are generally healthy and able to reproduce like their wild-type counterparts despite demonstrating lower circulating levels of 25OHD and 1,25(OH) 2 D (Safadi et al. 1999) . However, when placed on a vitamin D-deficient diet, DBP KO mice succumb to bone mineralization abnormalities much more rapidly than wild-type animals, endorsing a role for DBP in maintaining skeletal health through its effects on renal vitamin D homeostasis (White & Cooke 2000) . What is less clear is whether DBP is also required for other, nonclassical effects of vitamin D. This has been addressed, in part, through recent studies that have characterized the effects of DBP on responses to 1,25(OH) 2 D in vivo and in vitro. Zella et al. (2008) showed that although DBP KO mice had reduced the circulating levels of vitamin D metabolites, they exhibited intestinal tissue concentrations of 1,25(OH) 2 D, which were in fact higher than serum observed in wild-type mice. Moreover, when used as a cell culture supplement, serum from DBP KO mice supported more sensitive in vitro responses to 1,25(OH) 2 D than serum from wild-type mice (Zella et al. 2008) . Collectively, these observations have endorsed the role of DBP in maintaining the endocrine levels of 1,25(OH) 2 D, but conversely suggest that it may be detrimental to the accumulation and action of 1,25(OH) 2 D in some peripheral tissues. As yet, it is unclear whether this facet of DBP will manifest itself with CYP27b1-active target cells such as macrophages or whether similar effects will be observed with 25OHD as a ligand rather than 1,25(OH) 2 D. 25D) produced by CYP27b1 is then translocated to the nucleus in conjunction with hsc70 and Bcl-2-associated athanogene (BAG-1). Within the nucleus, 1,25D binds to the vitamin D receptor (VDR), which is then able to form a heterodimer with the retinoid X receptor (RXR). Interaction between the VDR-RXR dimer and vitamin D response elements (VDRE) in the promoters of target genes such as the antimicrobial protein cathelicidin (LL37) is controlled by the VDRE-binding protein (VDRE-BP). Intracrine 1,25D-mediated transcriptional regulation of LL37 in this fashion increases availability of the antimicrobial protein for killing of bacteria in phagosomes fused with lysosomes (phago-lysosomes).
Effects of DBP gene variants on human physiology and evolution
From the recent studies outlined above, it is clear that DBP plays a pivotal role in how target cells 'see' vitamin D, either by actively facilitating the acquisition of 25OHD/1,25(OH) 2 D or by defining the amount of 'free vitamin D' that is available for passive cellular uptake. Thus, there has also been renewed interest in well-characterized genetic variations of DBP. There are three major polymorphisms in the gene for DBP, which is also known as group-specific component (GC). GC-1S contains a D416E amino acid change from the GC-1F form of DBP, while GC-2 contains a T420K amino acid change from GC-1F (Constans et al. 1985) . These differences in amino acid primary sequence are associated with changes in DBP affinity for vitamin D ligands. GC-2 has the lowest affinity for 25OHD while GC-1S has twofold greater affinity and GC-1F has a fourfold increase in affinity for 25OHD relative to GC-2 (Arnaud & Constans 1993) . At present, it is not clear whether there is any connection between these affinity differences and reported correlations between DBP polymorphisms and thyroid disorders, diabetes, obesity, and other diseases (White & Cooke 2000 , Speeckaert et al. 2008 .
Significantly, however, DBP polymorphisms show strong ethnic variations. Darker pigmented African, AfricanAmerican, and Asian populations are far more likely to carry the GC-1F form of DBP while whites more frequently exhibit the GC-1S form. Conversely, the lower affinity GC-2 form is far more likely to be found in whites and rarely found in blacks (Constans et al. 1985) . Darker skin complexions provide better protection against the damaging effects of exposure to u.v. light but conversely are less efficient in synthesizing vitamin D. This appears to have been a major factor in the migration of Homo sapiens from sunlight enriched, vitamin D-efficient Africa into less sunny Europe. Initially, the dark-skinned migrants may have compensated for the lack of sunlight-derived vitamin D by utilizing dietary sources such as fish oils. However, following the transition to agrarian societies w10 000 years ago, vitamin D deficiency appears to have become a significant health issue: rachitic skeletal disease is known to result in the constriction of the pelvis with concomitant threat to normal childbirth. The potential role of vitamin D as a factor in recent human evolution has been highlighted by population analyses of the skin pigmentation gene SLC24A5, showing that decreased skin pigmentation in Europeans is likely to have taken place as recently as 6000-12 000 years ago (Sabeti et al. 2007) . It has been postulated that such changes in skin pigmentation conferred a significant biological advantage by improving the efficiency of vitamin D synthesis in lighter pigmented skin under conditions of impaired exposure to u.v. light. In view of these observations, it is possible that DBP (as the major carrier of vitamin D metabolites) was also subject to evolutionary 'pressure', although as yet the significance of such changes remains unclear.
Alternative functions for DBP
In assessing the role of DBP in human physiology, it is also important to recognize that the DBP gene arose from a gene duplication w580 million years ago, with subsequent gene duplications giving rise to heme-binding albuminoid proteins such as serum albumin and a-fetoprotein (Gibbs et al. 1998) . Thus, the precise nature of the original function of DBP remains unclear and it is important to recognize that the modern day DBP has several putative properties beyond its capacity to bind vitamin D metabolites (Gomme & Bertolini 2004) . In addition to its ligand-binding domain, the DBP protein also contains a domain near its C-terminus that facilitates high-affinity binding to globular (G)-actin, and thereby prevents the formation of filamentous (F)-actin (White & Cooke 2000) . Although actin has well-recognized cytoskeletal functions, it is also released following cellular injury with potential detrimental effects on the vasculature. Thus, it has been proposed that DBP may have an alternative function in tissue homeostasis by acting as an 'actin scavenger' (Lee & Galbraith 1992) . In the context of the innate immunity actions of vitamin D (see Fig. 1 ), it should also be noted that a deglycosylated form of DBP has been reported to function as a macrophage-activating factor (Yamamoto & Naraparaju 1996) . However, the significance of this with respect to human innate immune responses is unclear in view of the fact that the amino acid targeted for deglycosylation (threonine 420) is altered to a non-glycosylated lysine in the 20% of the human population who carry the GC-2 allele (White & Cooke 2000) .
Primate responses to vitamin D metabolites: New World versus Old World
New World primates (NWPs) such as marmosets, tamarins, and squirrel monkeys exhibit significantly higher circulating levels of steroid hormones than their Old World primate (OWP) counterparts (including humans), but they are also profoundly resistant to these hormones (Chrousos et al. 1986 ). In some instances, notably for glucocorticoids, end-organ resistance is associated with altered binding affinity of glucocorticoid receptors (GR) for its ligand cortisol (Brandon et al. 1989) . A potential mechanism for this has been proposed involving differential interaction between GR and co-chaperones such as the immunophilins FKBP52 (humans and OWPs) and FKBP51 (NWPs) (Fuller et al. 2004) . NWPs are also profoundly resistant to vitamin D. As with glucocorticoids, this appears to be due to impaired signaling via the cognate intracellular receptor, in this case the VDR. Initial studies suggested that the blockade of VDR action in NWPs was due to the elevated levels of a soluble protein that could act as a competitor for binding of 1,25(OH) 2 D (Gacad & Adams 1991 , 1992 . The purification of this intracellular DBP (IDBP) revealed similarity to the constitutively expressed human heat-shock protein 70 (hsc70) , and also indicated that hsc70 was capable of binding both 25OHD and 1,25(OH) 2 D, as well as gonadal steroids such as estradiol ).
NWPs and the intracellular trafficking of vitamin D
The assumption was made that hsc70-like proteins act as an intracellular 'decoy' for the relatively high levels of vitamin D metabolites present in NWPs, thereby attenuating overexuberant signaling via the cognate VDR. However, paradoxically, functional analyses using various in vitro models showed that the overexpression of hsc70-like IDBP cloned from NWP cells enhanced 1,25(OH) 2 D-VDR-mediated gene transcription in human cells (Wu et al. 2000) . The IDBP also enhanced the metabolism of 25OHD to 1,25(OH) 2 D, indicating that its ability to facilitate the actions of vitamin D is not only restricted to nuclear responses but also incorporates effects on the mitochondrial enzyme CYP27b1 (Wu et al. 2000 (Wu et al. , 2002 . Based on these observations, it has been proposed that rather than acting as simple VDR decoys IDBP/hsc70 functions as specific intracellular steroid chaperones, with the ability to traffic vitamin D metabolites from the cell membrane to individual organelles (Adams et al. , 2004 ) (see Fig. 1 ).
Co-chaperones and the intracellular trafficking of vitamin D
Subsequent studies have shown that non-VDR intracellular binding of vitamin D metabolites is not restricted to hsc70. Heat-shock proteins also exhibit specific binding sites for ATP, which produces the necessary conformational changes required for the protein-protein interactions with hsc70 or hsp70. It was therefore interesting to note that under these conditions the association between hsc70 and vitamin D metabolites is also altered, indicating that ATP may alter binding kinetics sufficiently to facilitate the transfer of 25OHD or 1,25(OH) 2 D to another protein (Chun et al. 2005) . Potential targets would include VDR, CYP27b1, or other vitamin D targets such as the feedback control enzyme 24-hydroxylase (CYP24). An alternative hypothesis is that hsc70 may transfer 25OHD or 1,25(OH) 2 D to more downstream proteins that are then able to confer more organelle-specific localization of the vitamin D metabolites. An immediate candidate for the interaction with hsc70 is the co-chaperone Bcl-2-associated athanogene (BAG-1) that interacts with hsc70 as part of the protein-folding activities of the latter (Takayama et al. 1997) . Like hsc70, BAG-1 can also act as an intracellular binding site for vitamin D metabolites. However, BAG-1 showed higher affinity for 1,25(OH) 2 D than 25OHD and the overexpression of the co-chaperone increased VDR-mediated transactivation but not CYP27b1-or CYP24-mediated metabolism (Chun et al. 2007 ). Thus, it is possible to postulate a model whereby chaperones such as hsc70 provide a conduit for the cytosolic translocation of vitamin D metabolites following their cellular entry, while co-chaperones such as BAG-1 facilitate organelle-specific transfer (see Fig. 1 ). The broader applicability of such a mechanism for other steroid hormones is as yet unclear, although another member of the heat-shock protein family, hsp27, has been shown to bind estradiol with high affinity (Chen et al. 2008) .
Collectively, these studies suggest that the movement of vitamin D metabolites from the cell membrane to specific intracellular destinations is not a random process but instead is strongly influenced by chaperone and co-chaperone proteins that share the ability to interact with each other as well as 25OHD and 1,25(OH) 2 D. Clearly, many questions remain to be answered. For example, although hsc70 appears to be a highly effective intracellular conduit for vitamin D metabolites, it is uncertain how hsc70 acquires these ligands either in free form or bound to internalized megalin. Likewise, a mitochondrion-specific co-chaperone associated with vitamin D metabolism or catabolism has yet to be identified. Finally, a key question posed at the onset of these studies concerns the paradox of why NWPs express such high levels of vitamin D-potentiating chaperone proteins despite the fact that these animals are profoundly resistant to steroid hormones in general. This latter question is addressed in greater detail in the following section.
The vitamin D response element, cathelicidin, and the evolution of innate immunity in primates As outlined above and in Fig. 1 , the antimicrobial peptide cathelicidin LL37 is a direct target for liganded VDR. The transcriptional regulation of LL37 by 1,25(OH) 2 D has been described in a variety of cell types including macrophages (Liu et al. 2006 (Liu et al. , 2007b , myeloid cells (Gombart et al. 2005) , keratinocytes (Schauber et al. 2007 ), decidual cells (Evans et al. 2006) , and lung epithelial cells (Yim et al. 2007) . Although this appears to be a fundamental facet of innate immunity in humans, similar responses are not apparent in lower orders of mammals such as mice (Gombart et al. 2005) . Gombart et al. (2005) have shown that the transcriptional regulation of LL37 by 1,25(OH) 2 D involves a classical direct repeat 3-type VDR element (VDRE) within the proximal promoter of the LL37 gene, 615 bp upstream of the transcriptional start site. Comparative analysis indicated that this piece of the LL37 promoter is composed of a short interspersed nuclear element (SINE) that is conserved only in higher primates such as humans and chimpanzees (Gombart et al. 2005) . Thus, it would appear that the ability of vitamin D to influence this facet of innate immunity is a relatively recent event in the evolutionary pathway. In humans, SINEs make up as much as 13% of the genome. They consist of repeat DNA sequences (most commonly Alu repeats in humans) and function as retrotransposons in that they are genetic elements that can amplify themselves through RNA intermediaries (Wicker et al. 2007 ). Because of their ability to amplify DNA within the genome, SINEs and other transposable elements are thought to play a pivotal role in gene evolution. In this context, it is interesting to speculate that this particular LL37 promoter SINE may have conferred significant advantages given the relatively high circulating levels of 1,25(OH) 2 D in subhuman primates. The VDRE-containing SINE appears to be conserved in NWPs as well as OWPs but is not present in prosimians, the most ancestral extant group of primates (Gombart personal communication) . Thus, the regulation of LL37 expression by vitamin D appears to have emerged w55 million years ago.
VDRE-binding proteins (VDRE-BPs) and the regulation of VDR-induced gene transcription
As outlined above, decreased VDR function in NWPs involves diminished nuclear activity of the liganded receptor (Gacad & Adams 1991) . This was initially attributed to the elevated levels of IDBPs in NWPs, which were thought to act as decoy-binding sites for 1,25(OH) 2 D . However, as already described, subsequent studies showed that the opposite was true in that IDBPs such as hsc70 were potent enhancers of VDRmediated signaling (Wu et al. 2000) . An alternative mechanism for vitamin D resistance in NWPs was proposed based on the experiments showing nuclear extracts from NWP cells contained a soluble factor that was able to compete with the VDR-retinoid X receptor (RXR) complex for binding to VDRE during 1,25(OH) 2 D-VDR-directed gene regulation (Arbelle et al. 1996) . This factor was subsequently referred to as the VDRE-BP. Similar observations have also been made for estrogen response element (ERE) responses in NWPs . In this case, the offending ERE-binding protein (ERE-BP) was shown to be homologous with a human heterogeneous nuclear ribonucleoprotein C (hnRNPC)-like protein (Chen et al. 1998) and competed with the estrogen receptor (ERa) for binding to EREs.
Subsequent studies revealed that vitamin D resistance in NWPs was associated with the overexpression of a response element-binding hnRNP-like protein . Thus, it appears that NWPs have a complex intracellular system for dealing with vitamin D. On the one hand, the relatively high levels of circulating 25OHD and 1,25(OH) 2 D in these animals may require equally elevated levels of chaperone IDBPs to facilitate effective cellular handling of the vitamin D metabolites. On the other hand, in order to prevent over-elaboration of VDR-mediated responses in the face of high circulating levels of 1,25(OH) 2 D, it may also be beneficial to have increased levels of a VDRE-BP that will more adequately manage access to VDREs in target genes. With this in mind, it is interesting to note that the identification of IDBP and VDRE-BP proteins in NWPs occurred in response to an outbreak of rickets in a cohort of these animals within the Los Angeles Zoo . Circulating levels of 1,25(OH) 2 D in these animals were, by present human standards, still relatively high but were shown to be too low to effectively displace the abundant VDRE-BP levels that are characteristic of the NWPs.
VDRE-BP and vitamin D resistance in humans
Significantly, a human VDRE-BP was cloned and sequenced from a patient who presented with symptoms that were highly reminiscent of hereditary vitamin D resistant rickets (HVDRR), despite the fact that she did not have a mutation in the VDR gene as is the usual case for this disease (Hewison et al. 1993) . Instead, the patient demonstrated overexpression of an hnRNP-like VDRE-BP that suppressed normal VDR-VDRE function . Purification and cloning showed that the VDRE-BP was almost identical to hnRNPC1/C2, which was abundantly expressed in cells from the vitamin D-resistant patient (Chen et al. 2006) .
Although overexpression of hnRNPC1/C2 appears to be the underlying cause of vitamin D resistance in this particular patient with rickets, it is important to recognize that the hnRNPs are among the most common of all nuclear proteins. Consisting of more than 20 variants, the hnRNP family plays a key role in RNA processing by interacting with pre-mRNA complexes (Dreyfuss et al. 1996) . Despite their classical interaction with chromatin-associated single-stranded RNA, several studies have shown that hnRNPs are pluripotent proteins. In particular, they may also function as transregulatory factors through interaction with double-stranded DNA (Gao et al. 2005) , raising the question as to whether they may also be part of the normal VDR-mediated gene regulation machinery. Chromatin immunoprecipitation (ChIP) studies from normal 1,25(OH) 2 D-sensitive cells indicate that this is indeed the case, with the human hnRNPC1/C2 (VDRE-BP) occupying the VDRE prior to treatment with 1,25(OH) 2 D, and then being displaced from the promoter by the liganded VDR-RXR complex (Chen et al. 2006 ). This reciprocal relationship between VDR and VDRE-BP occurs in a time-dependent cyclical fashion following exposure to 1,25(OH) 2 D, suggesting that hnRNPC1/C2 may play a pivotal role in the spatio-temporal organization of the receptor-response element complex.
A similar relationship has also been recently observed for ERa which, when liganded, is able to displace the hnRNPClike ERE-BP from its basal occupancy of the ERE, thereby initiating the cyclical occupancy of the response element required for normal estradiol-directed gene transactivation (Chen et al. 2008) . For both ERa and the VDR, overexpression of their specific hormone response elementbinding protein either naturally (as is the case for the VDRE-BP in the HVDRR patient) or by cDNA transfection resulted in a dysregulated ChIP pattern of response element occupancy and concomitant suppression of transcription (Chen et al. 2006 (Chen et al. , 2008 .
Conclusions
The vitamin D synthetic and response mechanisms are phylogenetically ancient. Vitamin D is produced by both single-cell plants and animals (Holick 1992) ; DBP is the most primitive of all the albuminoid proteins (Fasano et al. 2007 ) and an ancestral VDR first appears in nematodes (Carosa et al. 1998) . These observations provide an invaluable platform for better understanding the role of vitamin D in modern human physiology. For example, a functional VDR has been identified in lampreys, the most ancient of the extant vertebrates (Whitfield et al. 2003 , Reschly et al. 2007 . The fact that this animal has a cartilaginous skeleton has endorsed the idea that the original function of vitamin D may have been unrelated to its classical modern day role in the homeostasis of calcified skeletons. One possibility is that vitamin D is involved in regulating immune responses in lampreys. Another possibility, based on the evolutionary link between VDR and another ancient steroid hormone receptor, the pregnane X receptor, is that vitamin D may have originally acted as an inducer of cytochrome P450-mediated detoxification pathways (Whitfield et al. 2003) . In the case of the latter, it is interesting to note other studies showing that toxic bile salt derivatives can also act as ligands for the VDR (Makishima et al. 2002) . The takehome message from these and other studies has been that we can gain a better understanding of the role of vitamin D in modern day human physiology through improved knowledge of its history.
